We investigated the subcellular distribution of antigenic sites immunoreactive to the monoclonal antibody 16.4B4 (PM Norman, VPM Wingate, MS Fitter, CJ Lamb [1986] Planta 167: 452-459) in tobacco (Nicotiana tabacum) leaf cells. This antibody is directed against a glycan epitope in a family of plasma membrane arabinogalactan proteins of 135 to 180 kilodaltons, elaborated from a polypeptide of relative molecular mass 50 kilodaltons (PM Norman, P Kjellbom, DJ Bradley, MG Hahn, CJ Lamb [1990] Planta 181: 365-373). We demonstrated by immunogold electron microscopy that the epitope reactive with monoclonal antibody 16.4B4 is localized on the cell surface in the leaf parenchyma cell periplast. The 16.4B4 antigen is also localized in multivesicular invaginations of the plasma membrane also known as plasmalemmasomes, implying a biochemical and, hence, functional interrelationship between these structures. Monoclonal antibody 16.4B4 also labels intracellular multivesicular bodies that appear to represent intemalized plasmalemmasomes. Antibody reactivity was also observed in partially degraded multivesicular bodies sequestered within the central vacuole. We propose that the subcellular distribution of the epitope reactive with monoclonal antibody 16.4B4 defines a plasmalemmasome (or multivesicular body-mediated) pathway for the intemalization of the periplasmic matrix for vacuolar mediated disposal. The multivesicular bodies appear to be equivalent to the well-characterized endosomes and multivesicular bodies of animal cells involved in the intemalization and lysosome-mediated degradation of extracellular materials.
other cell types exhibiting high rates of solute transfer. Concave-shaped invaginations of the plasma membrane containing numerous vesicles, termed plasmalemmasomes, are found in diverse cell and tissue types (for examples, see ref. 19 ). The physiological function ofsuch plasma membrane elaborations has remained elusive, although roles in cell wall biogenesis (19) , endocytosis (28) , and transport (22) have all been proposed.
The determination of the function of plant cell plasma membrane elaborations has been hindered by the lack of known specific macromolecular components. A number of monoclonal antibodies to epitopes present on the plant cell surface have been generated, starting from crude microsomal membrane preparations or intact protoplasts as immunogens (8, 24) . Mab3 16.4B4, which was generated by immunization with microsomes from suspension-cultured cells of Nicotiana glutinosa (24) , was shown to react with an epitope located on the external face of the plasma membrane by immunofluorescence visualization of antibody binding to the surface of isolated protoplasts (24) . This was further confirmed by (a) specific agglutination of protoplasts, (b) ELISA of antibody binding to the surface of intact protoplasts, and (c) topologically specific labeling of the surface of intact protoplasts followed by analysis of membrane partitioning on sucrose density gradients (8, 23, 24) . The epitope reactive with Mab 16.4B4 resides on glycan moieties that define a family of plasma membrane arabinogalactan-rich glycoproteins elaborated from a polypeptide with relative molecular mass of 50 kD, rich in alanine, glycine, serine, and threonine (23) .
In the present paper, the cellular distribution of the epitope reactive with Mab 16.4B4 is examined at the ultrastructural level by immunogold EM. We show that this epitope is widely distributed along the external face of the plasma membrane. We also observed dense immunogold labeling of multivesicular plasma membrane invaginations (plasmalemmasomes), as well as similar structures sequestered within the cytoplasm and the central vacuole, suggesting an ontogenic relationship between these structures. The existence and possible functional significance of a pathway for internalization of periplasmic material mediated by plasma tubules and plasmalemmasomes is discussed.
MATERIALS AND METHODS
Axenic explants of tobacco (Nicotiana tabacum L.) and tobacco callus cultures were maintained as previously described (6) . The monoclonal antibodies used were designated 16.4B4 against a tobacco membrane epitope, 27. 1E8 which is directed against the core polypeptide of the 16.4B4 glycan epitope, and 40.2.B2 which is a control Mab directed against a cell wall epitope of the phytopathogenic bacterium Pseudomonas syringae pv glycinea (23, 24, 36 (Fig. 3) , compared to the single membrane that encloses the plasma membrane elaborations (Fig. 2) . Mab 16.4B4 densely labels the vesicular contents but not the double-unit membrane ofthe intravacuolar multivesicular bodies (Fig. 3) . We infer that these intravacuolar multivesicular bodies are sequestered within the vacuole with the inner membrane derived from the plasma membrane and the outer membrane derived from the tonoplast. Very similar intravacuolar structures including the double-unit membrane result from autophagy of cellular constituents by vacuoles (for examples, see ref. 13 ). Control-labeling experiments using Mab 40.2B2 which is directed against a bacterial cell wall glycan (36) exhibited only sparse nonspecific labeling of the cell surface (Fig. 4 ).
Arabinogalactan-Rich Glycoproteins Are Localized on the Cell Surface and Multivesicular Bodies of Leaf Cells
We examined whether the arabinogalactan-rich glycoprotein reactive with Mab 16.4B4 was expressed in differentiated cells, which would facilitate experiments on spatial and temporal regulation. We determined that tobacco leaves contained the epitope reactive with Mab 16.4B4. Tobacco leaf tissues embedded in the acrylic LR White resin were observed to have structural preservation comparable to that which typically results from epoxy resin protocols. However, the hydrophilic properties of acrylic resins yields superior labeling with immunoglobulins. One notable difference compared to epoxy resin-embedded leaf tissues is the high electron density of the chloroplast stroma in LR White-embedded specimens (reviewed in ref. 12 ). All of the micrographs shown in this paper are densely stained with uranyl acetate and lead citrate to provide sufficient contrast of the immunolabeled structures. The overstaining with electron-dense stains was found to be necessary to visualize the structural details of the immunogold-labeled subcellular constituents. The consequences Note that vesicular contents contained within the plasma membrane invagination are densely labeled. In contrast, very little gold label is observed to be associated with the plasma membrane enclosing the vesicles. Adjacent segments of the endoplasmic reticulum (ER), cell wall (CW), and vacuole (V) are labeled by only a few nonspecific gold particles. x48,000; bar, 0.5 4m. Figure 3 . A multivesicular body (MVB) apparently sequestered within the vacuole (V) of a tobacco callus cell is shown. Like the plasma membrane invaginations, the vesicular contents of this multivesicular body is densely labeled. Note that the intravacuolar multivesicular body is enclosed by two-unit membranes in contrast to the plasma membrane invaginations which are enclosed by only a single-unit membrane. x36,000; bar, 0.5,um. of the intense staining is that some organelles, most notably the chloroplasts, are excessively stained in these micrographs.
Indirect immunogold labeling of tobacco leaf tissue confirmed that Mab 16.4B4 was directed at an epitope present at the plasma membrane of differentiated parenchyma cells. However, this ultrastructural analysis revealed that, although this epitope is widely distributed along the external face of the plasma membrane or in the periplasmic space (Fig. 5) , antibody reactivity is particularly strong in vesicles that protrude into the periplasmic space. The occurrence and labeling of vesicular structures was particularly marked at the site of triple-cell junctions (Fig. 5 ) in comparison to adjacent doublecell junctions. Inspection of the periplasm at the triple-cell junction at high magnification indicates that in these regions the majority of the gold particles resulting from immunolabeling are associated with periplasmic inclusions (Fig. 5, solid arrowheads).
Apparent Endocytosis of Multivesicular Bodies Containing Arabinogalactan-Rich Glycoproteins
Abundant immunogold-labeled multivesicular bodies were observed to be associated with the parenchyma cell plasma membrane. Additional multivesicular bodies containing numerous labeled vesicles were often observed in the cytoplasm at sites adjacent to the triple-cell junction of the leaf cell parenchyma (Fig. 5) . Figures 6 through 11 are a series of electron micrographs that reconstruct a presumptive pathway for internalization ofthe leaf cell multivesicular bodies. Figure  6 shows a multivesicular body in which the space containing the vesicular contents is contiguous with the periplasmic space. Mab 16.4B4 labels the vesicular inclusions of the multivesicular body. The periplasmic space adjacent to the multivesicular body is also labeled with gold particles (Figs.  5, 6, 8, and 10 ). The gold particles on the periplasmic space appear to be associated with the exterior surface ofthe plasma membrane, the adjacent inner surface of the cell wall, and periplasmic material. Figure 7 shows another immunolabeled multivesicular body which appears to be almost entirely enclosed by the cytoplasm and the apposed vacuole. This is interpreted as an intermediate structure in the internalization of the multivesicular body. Immunological control specimens labeled with Mab 40.2B2 exhibited a complete absence of gold particles on the multivescular body and periplasmic space (Fig. 14) . Figure 8 shows an immunolabeled multivesicular body which appears to be separated from the plasma membrane while invaginating into the vacuole. The origin of the double-unit membrane of the intravacuolar multivesicular body can be seen in Figures 6 through 9 . The outer membrane of the multivesicular body is contiguous with the tonoplast (Figs. 6  and 8 ). Figure 9 shows a multivesicular body that has apparently been sequestered within the vacuole. This multivesicular body does not exhibit any apparent structural disruption. Figure 10 shows another immunogold-labeled multivesicular body sequestered in the vacuole. This multivesicular body exhibits partial disruption of the peripheral membrane and the internal vesicular contents. Apparent leakage of the epitope reactive with Mab 16.4B4 antigen into the vacuolar sap is indicated by the gold particles associated with a juxtaposed vacuole membrane (solid arrowheads). Other multivesicular bodies located in the interior of the vacuole exhibit extensive disruption of the internal vesicles, consistent with the presumptive degradative action of vacuolar hydrolases (Fig. 11) . The static micrographs presented in Figures 6 to 11 in an Figure 9 . An immunogold-labeled multivesicular body (MVB) apparently sequestered within the vacuole (V) is shown. This multivesicular body does not exhibit any morphological degradation that is a possible consequence of vacuolar sequestration. Gold particle labeling is also localized on constituents of the periplasmic space. x47,000; bar, 0. Figure 12 . Although the intravacuolar multivesicular bodies are densely labeled with gold particles, these structures are extensively disrupted, consistent with the action of vacuole hydrolases. Further evidence that the immunogold-labeled multivesicular bodies are sequestered in the vacuole is apparent by the observation that these structures are colocalized with intravacuolar protein aggregations as shown in Figure 13 . Interestingly, the intravacuolar protein aggregation is not labeled, demonstrating that Mab 16.4B4 reactivity is restricted to those intravacuolar structures that originate from the putative endocytotic pathway. Control labeling experiments with Mab 40.2B2 resulted in specimens in which the plasmalemmasomes and intravacuolar multivesicular bodies were completely devoid of gold label (Fig. 14) .
Our attempts to use Mab 27. 1E8 to label the core polypeptide of the arabinogalactan-rich glycoprotein were unsuccessful. The core protein is extensively glycosylated (23) (17) . In a process closely analogous to endocytosis in animal cells (for review, see ref. 32) , the protoplasts of soybean suspension culture cell protoplasts have been shown to take up surface-bound cationic ferritin into multivesicular bodies (27, 33) . Griffing and Fowke (7) showed that cytoplasmic multivesicular bodies contain peroxidase activity, an enzyme characteristic of extracellular spaces. Furthermore, the cationic ferritin-labeled multivesicular bodies were shown to be deposited in protoplast vacuoles, which was interpreted to result from the fusion of the multivesicular bodies with the tonoplast (27, 33) . The functional role of the vacuole in autophagic degradation of cellular constituents in plant cells is well documented. Autophagy has been shown to occur during growth and development as well as during senescence (for review, see ref. 20) . Recent observations of Melroy and Herman (21) showed that a specific seed tonoplast protein, a-tonoplast intrinsic protein, is internalized for turnover during seedling growth. Furthermore, Hofte et al. (15) showed that a-TIP expressed in transgenic tobacco leaves is apparently internalized into the vacuole on multivesicular bodies, which appear to be identical with the intravacuolar multivesicular bodies described in this paper. Although there is only scant physiological information concerning internalization in plants, such an internalization pathway may potentially have important functions during attempted infection, e.g. in the internalization of viruses, transduction of elicitor signals, and the lysis of microbial pathogens. Recent observations by Horn et al. (16) have shown that fluorescent derivatives of elicitors are internalized by suspension cells and accumulated in the vacuole. Observations by Drews and coworkers (4) suggest that multivesicular bodies or plasmalemmasomes may proliferate as a consequence of infection of soybean leaves by Pseudomonas. The identification of the antigen reactive with Mab 16.4B4 as a component of the cell surface and multivesicular bodies will provide a specific marker to study the regulation and development ofplasma membrane specializations, particularly during cellular growth and differentiation, as well as in response to stresses such as viral and microbial infection.
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